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Description

1. Background of the Invention

[0001] The present invention relates to an appara-
tus for measuring wavelength changes that typically
occur in wavelength tunable light sources used in opti-
cal instrumentation technology. The invention also
relates to a wavelength tunable light source that is con-
trolled in wavelength using the apparatus.

2. Description of the Related Art

[0002] A problem that has recently become a con-
cern with a light source for DFB-LD (distributed feed-
back laser diode) which oscillates on a single mode and
one for DBR-LD (distributed Bragg reflector laser diode)
is that the oscillating wavelength drifts during long-term
operation. It is therefore necessary for a high-density
WDM (wavelength-division multiplexing) system to
make occasional measurement of the oscillating wave-
length of the light source and control it.

[0003] A recently commercialized external cavity
type wavelength tunable light source using a diffraction
grating is extensively used to measure the wavelength
characteristics of optical components. This type of light
source is capable of wavelength setting at a desired
value in a broad wavelength band (= 100 100 nm) but,
on the other hand, it is susceptible to external condi-
tions, notably, the oscillating wavelength changes with
the temperature change.

[0004] In addition, the increasing precision of a
high-density WDM system has made it necessary to
increase the accuracy in the wavelength of light issued
from the wavelength tunable light source.

[0005] In order to measure the oscillating wave-
length of a light source, an apparatus for wavelength
measurement is necessary and two conventional
approaches are available for measuring the oscillating
wavelengths of light sources; one is an apparatus for
measuring optical spectrum using a diffraction grating
and the other is an apparatus for wavelength measure-
ment using a Michelson interferometer.

[0006] Fig. 8 shows the composition of an appara-
tus for measuring optical spectrum that uses a diffrac-
tion grating and which is the most common conventional
technology.

[0007] The apparatus generally comprises an input
fiber 81 as an optical input section, concave mirrors 82
and 83, a diffraction grating 84, a slit plate 85, a photo-
detector 86, a rotating mechanism 87, a signal process-
ing section 88 and a rotational drive circuit 89.

[0008] The input fiber 81 admits the light to be
measured that issues from a light source (not shown)
and the first concave mirror 82 collimates the light
emerging from the input fiber 81 and reflects the colli-
mated light to be incident on the diffraction grating 84.
[0009] The diffraction grating 84, which is mounted
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on the rotating mechanism 87 that rotates in response
to a signal from the rotational drive circuit 89, is capable
of adjusting or the incident angle 6 of the collimated
light. The diffraction grating 84 is an optical element with
which a component of the incident light having the
wavelength A as expressed by the following equation (1)
is reflected at an angle of f3:

A =dlI/m « (sin 6 + sin ) (1)

where A is the wavelength of the incident light, dl is the
spacing between grooves in the diffraction grating, and
m is the diffraction order of the diffraction grating 84.
[0010] Thus, the collimated light incident on the dif-
fraction grating 84 is wavelength selected by the inci-
dent angle 6 and the reflection angle B in equation (1)
and reflected toward the second concave mirror 83.
[0011] The collimated light reflected by the diffrac-
tion grating 84 is focused by the second concave mirror
83 so that it is focused in the slit 85. The light passing
through the slit 85 is received by the photo-detector 86,
which supplies the signal processing section 88 with an
electrical signal in proportion to the intensity of the
received light wavelength. The signal processing sec-
tion 88 determines the wavelength of the light of interest
on the basis of both the optical signal from the photo-
detector 86 which is dependent on the wavelength
selected by the diffraction grating 84 and the wave-
length signal from the rotational drive circuit 89.

[0012] Fig. 9 shows the composition of another con-
ventional apparatus for wavelength measurement that
uses a Michelson interferometer.

[0013] The apparatus generally comprises an input
fiber 91 as an optical input section, a lens 92 as an opti-
cal system for converting exit light into collimated light,
a beam-splitter 93, reflectors 94 and 95, photo-detec-
tors 96 and 97, a light source 98 emitting at a reference
wavelength, a ftranslating mechanism 99, a signal
processing circuit 101, and a translational drive circuit
102. The light from the light source 98 emitting at the
reference wavelength is received by the photo-detector
96. On the basis of the period of light intensity from the
photo-detector 96, Fourier transform is performed on
the interference waveform measured by the photo-
detector 97 receiving the light of interest, whereupon its
wavelength is measured.

[0014] Fig. 10 is a characteristic diagram represent-
ing the relationship between the time of movement and
the intensity of light received by the two photo-detec-
tors.

[0015] The above-described two conventional
apparatus for wavelength measurement, one using a
diffraction grating to measure optical spectrum and the
other using a Michelson interferometer to measure
wavelengths, have the advantage of a broad wave-
length range that can be measured. However, the
mechanical moving part they use reduces their long-
term reliability. Since this mechanical part must be
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moved for wavelength measurement, high-speed wave-
length measurement is difficult to achieve and real-time
measurement is practically impossible. What is more, in
order to improve the wavelength resolution, the size of
the optical system has to be large, making it difficult to
reduce the overall size of the equipment.

[0016] Under the circumstances, a new apparatus
for measuring optical spectrum has recently been devel-
oped that uses a diffraction grating and a photo diode
array but which has no mechanical moving part.

[0017] This apparatus generally comprises an input
fiber as a optical input section, a concave diffraction
grating that collimates the exit light and which performs
wavelength separation on the basis of its wavelength
dispersion characteristics, a photo diode array and a
signal processing circuit. The apparatus differs from the
one shown in Fig. 8 in that the diffraction grating need
not be driven to rotate. Light incident on the grating is
focused on the photo diode array in different positions in
accordance with wavelength. The wavelength sepa-
rated light that is focused on each photo-detecting ele-
ment in the array is converted to an electrical signal in
accordance with optical intensity. The photo diode array
sends wavelength-dependent optical signals to the sig-
nal processing section, which performs the necessary
signal processing to determine the wavelength of the
light of interest and its spectrum.

[0018] Having no mechanical moving part, the
above-described apparatus using a photo diode array
features high reliability and can be designed as a com-
pact system. On the other hand, the number of photo-
detecting elements used in the array is not large enough
to provide high resolution in wavelength.

[0019] Another apparatus that has been developed
to control the wavelength of a light source is a "wave-
length locker". This apparatus measures wavelength
variations using a wavelength spectrometer such as a
filter using an interference film or a diffraction grating.
Having no mechanical moving part, the wavelength
locker features high reliability and can be designed as a
compact system; it is therefore suitable for controlling
the oscillating wavelength of light sources such as one
for DBF-LD that need be tuned over a narrow range of
wavelengths. However, the wavelength range that can
be measured with the wavelength locker is limited by the
wavelength characteristics of the filter and grating and it
cannot be used to measure and control the wavelength
of wavelength tunable light sources of an external cavity
type and other versions that permit tuning over a broad
range of wavelengths.

[0020] As described above, the apparatus for
measuring optical spectrum using a diffraction grating
and the apparatus for wavelength measurement using a
Michelson interferometer have the advantage of permit-
ting measurement over a broad range of wavelengths
but, on the other hand, they have a mechanical moving
part that lowers their long-term reliability. Since this
mechanical part must be moved for wavelength meas-
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urement, high-speed wavelength measurement is diffi-
cult to achieve and real-time measurement is practically
impossible. What is more, in order to improve the wave-
length resolution, the size of the optical system has to
be increased, making it difficult to reduce the overall
size of the equipment.

[0021] The apparatus for wavelength measurement
that uses a photo diode array has no mechanical mov-
ing part, so it features high reliability and can be
designed as a compact system. On the other hand, the
number of photo-detecting elements used in the array is
not large enough to provide high resolution in wave-
length.

[0022] Speaking of the apparatus for wavelength
measurement that is called a wavelength locker, the
wavelength range that can be measured is limited by
the wavelength characteristics of the wavelength spec-
trometer used (i.e., filter and diffraction grating) and it
cannot be used to measure and control the wavelength
of external cavity type wavelength tunable light sources
and other versions that permit tuning over a broad
wavelength range.

SUMMARY OF THE INVENTION

[0023] An object, therefore, of the present invention
is to provide an apparatus for measuring wavelength
changes that occur in a wavelength tunable light source
capable of mode hop free tuning over a broad wave-
length range, said apparatus being characterized by
having no mechanical moving part, being compact in
size and permitting real-time measurement of wave-
length changes.

[0024] To achieve the above object, according to a
first aspect of the invention, there is provided an appa-
ratus for measuring a change in wavelengt using
Michelson interferometer optical system, said optical
system comprising:

an optical element with which incident light from an
input section is converted to collimated light;

a beam-splitter into which the collimated light from
the optical element is launched to be split into a first
beam of collimated light and a second beam of col-
limated light;

a first reflector and a second reflector for reflecting
the first and second beams of collimated light from
the beam-splitter;

an optical means which, when the second beam of
collimated light moves back and forth once, creates
an optical pathlength difference of A/4 in one half
the optical beam plane;

a reflective prism with which the two beams of colli-
mated light that have been reflected from the first
and second reflectors and which have been recom-
bined by the beam-splitter are again split into two
beams in the plane of the optical axis where the
optical pathlength difference of A/4 has occurred;
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a first and a second photo-detector for receiving the
light that has been split into two beams by the
reflective prism; and

a signal processing means by which the change in
optical intensity from the first and second photo-
detectors is counted and subjected to specified
processing.

[0025] Thus, the first aspect of the invention relates
to an apparatus for measuring wavelength changes
using a Michelson interferometer; when the second
beam of collimated light produced by splitting with the
beam-splitter moves back and forth once, the optical
means creates an optical pathlength difference of A/4 in
one half the optical beam plane; the two beams of colli-
mated light that have been reflected from the first and
second reflectors and which have been recombined by
the beam-splitter are again split with the reflective prism
into two beams in the plane of the optical axis where the
optical pathlength difference of A/4 has occurred; the
two split beams are received by the first and second
photo-detectors; and the change in optical intensity
from the first and second photo-detectors is counted
and subjected to specified processing by the signal
processing means. This is how the changes that actu-
ally occur to the wavelength of a wavelength tunable
light source are measured and, hence, wavelength can
be controlled with high precision.

[0026] In the signal processing means, a counter
reads signals in high-speed period and this enables
real-time measurement of wavelength changes. As a
further advantage, there is no mechanical part that
need be moved and, hence, deterioration is least likely
to occur over time and high reliability is assured.

[0027] A second aspect of the invention is a modifi-
cation of the apparatus according to the first aspect of
the invention, wherein a planar second reflector having
a step of A/8 at the center of the optical axis where the
collimated light is incident is used as said optical
means.

[0028] Thus, in the second aspect of the invention,
a planar second reflector having a step of A/8 at the
center of the optical axis where the collimated light is
incident is used as the optical means which, when the
second beam of collimated light produced by splitting
with the beam-splitter moves back and forth once, cre-
ates an optical pathlength difference of A/4 in one half
the optical beam plane. Since the second reflector sub-
stitutes for the optical means, there is no need to pro-
vide an additional component as the optical means,
contributing to avoid the increase in the number of com-
ponents and complication of the assembling step.
[0029] A third aspect of the invention is also a mod-
ification of the apparatus according to the first aspect of
the invention, wherein said optical means comprises:

a planar second reflector; and
a parallel plane substrate that is inserted between

10

15

20

25

30

35

40

45

50

55

the beam-splitter and the second reflector and
which has a step that produces an optical path-
length difference of A/8 at the center of the optical
axis where the collimated light is incident.

[0030] Thus, in the third aspect of the invention, the
optical means which, when the second beam of colli-
mated light produced by splitting with the beam-splitter
moves back and forth once, creates an optical path-
length difference of A/4 in one half the optical beam
plane comprises a planar second reflector that reflects
the second beam of collimated light obtained by splitting
with the beam-splitter and a parallel plane substrate that
is inserted between the beam-splitter and the second
reflector and which has a step that produces an optical
pathlength difference of A/8 at the center of the optical
axis where the collimated light is incident. This embodi-
ment has the advantage of eliminating the need to use
different types of reflector, thus permitting the use of two
reflectors of identical type.

[0031] To measure different wavelength bands, one
only need provide parallel plane substrates having dif-
ferent levels of step and the other optical components
may remain the same.

[0032] A fourth aspect of the invention is another
modification of the apparatus according to the first
aspect of the invention, wherein said optical means
comprises:

a cube beam-splitter having a step that provides an
optical pathlength difference of A/8 at the center of
the optical axis of the exit plane from which the sec-
ond beam of collimated light from the beam-splitter
emerges; and

a planar second reflector.

[0033] Thus, in the fourth aspect of the invention,
the optical means which, when the second beam of col-
limated light produced by splitting with the beam-splitter
moves back and forth once, creates an optical path-
length difference of A/4 in one half the optical beam
plane comprises a cube beam-splitter having a step that
provides an optical pathlength difference of A/8 at the
center of the optical axis of the exit plane from which the
second beam of collimated light from the beam-splitter
emerges and a planar second reflector that reflects the
second beam of collimated light obtained by splitting
with the beam-splitter. This embodiment also has the
advantage of eliminating the need to use different types
of reflector, thus permitting the use of two reflectors of
identical type.

[0034] A fifth aspect of the invention is yet another
modification of the apparatus according to the first
aspect of the invention, wherein said optical means
comprises:

a cube beam-splitter having a step that provides an
optical pathlength difference of A/8 at the center of
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the optical axis of the plane of the beam-splitter in
which the second beam of collimated light has been
split, with a reflective coat being applied to the
stepped surface.

[0035] Thus, in the fifth aspect of the invention, a
cube beam-splitter having a step that provides an opti-
cal pathlength difference of A/8 at the center of the opti-
cal axis of the plane of the beam-splitter in which the
second beam of collimated light has been split, with a
reflective coat being applied to the stepped surface, is
used as the optical means which, when the second
beam of collimated light produced by splitting with the
beam-splitter moves back and forth once, creates an
optical pathlength difference of A/4 in one half the opti-
cal beam plane. Since the beam-splitter also serves as
the second reflector, only one reflector need be used
and both cost reduction and simplified assembling step
can be realized.

[0036] A sixth aspect of the invention is a modifica-
tion of the apparatus according to any one of the first to
fifth aspects of the invention, wherein said first reflector
comprises:

a lens for condensing collimated light; and

an optical fiber into which the focused light is
launched and which has a reflective coat applied to
the end face opposite the entrance face.

[0037] Thus, in the sixth aspect of the invention, the
first reflector which reflects the first beam of collimated
light produced by splitting with the beam-splitter com-
prises a lens for condensing collimated light and an opti-
cal fiber into which the focused light is launched and
which has a reflective coat applied to the end face oppo-
site the entrance face. In this embodiment, the differ-
ence between the optical pathlength of the first split
beam and that of the second split beam can be
increased fairly easily and FSR (free spectral region) is
sufficiently reduced to increase the sensitivity for wave-
length changes.

[0038] A seventh aspect of the invention is also a
modification of the apparatus according to any one of
the aspects 1 to 5 of the invention, wherein said first
reflector is a corner cube prism.

[0039] Thus, in the seventh aspect of the invention,
a corner cube prism is used as the first reflector which
reflects the first beam of collimated light produced by
splitting with the beam-splitter. Since the first reflector
needs no angular adjustments, the assembling step can
be simplified.

[0040] An eighth aspect of the invention provides a
wavelength tunable light source having a wavelength
tuning mechanism, which has the wavelength controlled
on the basis of the wavelength changes measured by
the apparatus according to any one of the first to sev-
enth aspects of the invention.

[0041] Thus, in the eighth aspect of the invention,
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the wavelength changes that actually occur in a wave-
length tunable light source are measured with the appa-
ratus according to any one of the first to seventh
aspects of the invention and this enables precise control
of the wavelength of the light source.

BRIEF DESCRIPTION OF THE INVENTION

[0042]

Fig. 1 is a schematic diagram of an apparatus for
measuring wavelength changes according to the
first embodiment of the invention;

Fig. 2A is a characteristic graph describing the
changes in the outputs of the first and second
photo-detectors as a function of wavelength;

Fig. 2B is a characteristic graph describing the out-
puts of comparators as a function of wavelength;
Fig. 3 is a schematic diagram of an apparatus for
measuring wavelength changes according to the
second embodiment of the invention;

Fig. 4 is a schematic diagram of an apparatus for
measuring wavelength changes according to the
third embodiment of the invention;

Fig. 5 is a schematic diagram of an apparatus for
measuring wavelength changes according to the
fourth embodiment of the invention;

Fig. 6 is a schematic diagram of an apparatus for
measuring wavelength changes according to the
fifth embodiment of the invention;

Fig. 7 shows the composition of a wavelength tuna-
ble light source using an apparatus for measuring
wavelength changes according to the seventh
embodiment of the invention;

Fig. 8 shows the composition of a conventional
apparatus for measuring optical spectrum using a
rotating diffraction grating;

Fig. 9 shows the composition of another conven-
tional apparatus for wavelength measurement
using a Michelson interferometer; and

Fig. 10 is a characteristic diagram representing the
relationship between the time of movement and the
intensity of light detected by two photo-detectors in
the apparatus shown in Fig. 9.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0043] On the pages that follow, various embodi-
ments of the apparatus for measuring wavelength
changes and the wavelength tunable light source
according to the present invention are described on the
basis of Figs. 1-7.

{First embodiment)

[0044] Fig. 1 is a schematic diagram of an appara-
tus for measuring wavelength changes according to the
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first embodiment of the invention. As shown, the appa-
ratus generally indicated by 10 comprises an input fiber
(optical input section) 11, a collimating lens (optical ele-
ment) 12, a beam-splitter 13, a first reflector 14, a sec-
ond reflector 15, a reflective prism 16, a first photo-
detector 17 and a second photo-detector 18; these
components are fixed on an optical base (not shown).
The apparatus 10 also has a signal processing section
(means) 20 for processing signals from the first photo-
detector 17 and the second photo-detector 18.

[0045] The input fiber 11 guides light from a wave-
length tunable light source (not shown) so that it exits
from the other end face of the fiber.

[0046] The lens 12 which is positioned on the opti-
cal axis of the light exiting from the input fiber 11 con-
verts said light into collimated light, which is then
launched into the beam-splitter 13 which is also posi-
tioned on the optical axis of the exit light.

[0047] The beam-splitter 13 splits the incident colli-
mated light into two beams that are respectively
directed toward the first reflector 14 and the second
reflector 15. The first reflector 14 is positioned normal to
the optical path of the first beam of collimated light pro-
duced by splitting with the beam-splitter 13 and it
reflects the incident first beam of collimated light such
that it is launched again into the beam-splitter 13. The
second reflector 15 is positioned normal to the optical
path of the second beam of collimated light also pro-
duced by splitting with the beam-splitter 13 and it
reflects the incident second beam of collimated light
such that it is launched again into the beam-splitter 13.
The second reflector 15 is a planar type having a step d
of A/8 at the center of the optical axis where the second
beam of collimated light is incident.

[0048] As the second beam of collimated light is
reflected by the second reflector 15 to travel in the
return path (i.e., it moves back and forth once), an opti-
cal pathlength difference of A/4 is created in one half the
plane of the light beam.

[0049] The two beams of collimated light that have
been reflected by the first reflector 14 and the second
reflector 15 are launched again into the beam-splitter
13, where they are recombined and the resulting single
beam is incident on the reflective prism 16. The reflec-
tive prism 16 is positioned such that the plane of the
optical axis where the recombined collimated light is
incident and which has the optical pathlength difference
created by the second reflector 15 coincides with the
edge face of the prism.

[0050] The collimated light incident on the reflective
prism 16 is split by its edge face into two beams which
are launched into the first photo-detector 17 and the
second photo-detector 18 that are positioned on the
optical axes of said beams. In the illustrated case, colli-
mated light is directly launched into the photo-detectors
17 and 18 but it should be apparent to the skilled artisan
that collimated light may be focused with lenses (not
shown) before it is received by the photo-detectors 17
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and 18.

[0051] The first and second photo-detectors 17 and
18 are typically made of photodiodes which convert the
split beams from the reflective prism 16 into electrical
signals and output currents proportional to the optical
intensities of the beams.

[0052] The change in optical intensity vs wave-
length which occurs in a Michelson interferometer is
expressed by the following equation (2):

I = [1 + cos[4n(nL1 - nL2)/AJ)/2 )

where | is normalized light intensity received by a photo-
detector; A is the wavelength of incident light from a light
source; n is refractive index; L1 is the distance from the
center of the beam-splitter in the Michelson interferom-
eter to the first reflector 14; and L2 is the distance from
the same center to the second reflector 15.

[0053] Figs. 2A and 2B show the changes in optical
intensity as a function of the wavelength of light
launched into the first photo-detector 17 and the second
photo-detector 18. As already mentioned, the second
reflector 15 has a step creating an optical pathlength dif-
ference of A/8,so0 there are two distances from the
beam-splitter 13 to the second reflector 15 and they are
L2 and L2 + A/8. As a result, the optical intensity | under-
goes a phase shift of /2 between two planes on oppo-
site sides of the step creating an optical pathlength
difference of m/8 and, hence, the output of the first
photo-detector 17 has a phase shift of n/2 from the out-
put of the second photo-detector 18 (see Fig. 2A).
[0054] The period of changes in optical intensity is
also called free spectral region (FSR) and expressed by
the following equation (3):

FSR = A2/[2(nL1 - nL2)] (3)

By increasing the optical pathlength difference (L1 - L2),
FSR is shortened and the sensitivity for wavelength
changes is increased. For instance, an optical path-
length difference of 10 mm gives an FSR of about 120
pm and an optical pathlength difference of 0.1 m gives
an FSR of about 12 pm.

[0055] The signal processing section 20 generally
comprises a first I/V converter 21 by which the output
current from the first photo-detector 17 that is propor-
tional to optical intensity is converted to voltage, a sec-
ond I/V converter 22 by which the output current from
the second photo-detector 18 that is also proportional to
optical intensity is converted to voltage, a reference volt-
age source 23, a first comparator 24, a second compa-
rator 25, and a counter 26.

[0056] I/V converters 21 and 22 perform I/V conver-
sion on the currents from the photo-detectors 17 and 18
that are proportional to optical intensity and deliver the
output voltages.

[0057] Comparator 24 (or 25) compares the voltage
output from 1/V converter 21 (or 22) with the voltage of
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reference voltage source 23 and produces a rectangular
(Hi/Lo) output.

[0058] Counter 26 counts and compares the states
of two phases of the rectangular output signals from the
comparators 24 and 25 and outputs the result as count
data. If counting is done by quadrupling, data is
obtained that has a wavelength resolution equal to a
quarter of FSR.

[0059] Transforming the outputs of I/V converters
21 and 22 to those of comparators 24 and 25 is not the
sole operation of the signal processing section 20 and
optical intensity may also be measured with an A/D con-
verter (not shown) to output wavelength data of even
higher resolution.

[0060] As a result of the above-described steps, the
apparatus 10 can output the quantitative changes in the
wavelength of incident light as count data obtained by
the counter.

[0061] According to the first embodiment described
above, the counter 26 reads signals in high-speed
period and this enables real-time measurement of
wavelength changes. As a further advantage, there is
no mechanical part that need be moved and, hence,
deterioration is least likely to occur over time and high
reliability is assured.

{Second Embodiment)

[0062] Fig. 3 is a schematic diagram of an appara-
tus for measuring wavelength changes according to the
second embodiment of the invention. The components
which are the same as those shown in Fig. 1 are identi-
fied by like numerals and are not described in detail.
[0063] In the apparatus 30 according to the second
embodiment of the invention, the optical means which,
when the second beam of collimated light produced by
splitting with the beam-splitter 13 moves back and forth
once, creates an optical pathlength difference of A/4 in
one half the optical beam plane comprises a planar sec-
ond reflector 35 and a parallel plane substrate 31 that is
inserted between the beam-splitter 13 and the second
reflector 35 and which has a step d that produces an
optical pathlength difference of A/8 at the center of the
optical axis where the collimated light is incident.
[0064] In the second embodiment, the optical path-
length difference of A/8 is expressed by (n - 1)d, where
n is the refractive index of the parallel plane substrate
31 and d is the physical level (height) of the step.
[0065] The second embodiment has the advantage
of eliminating the need to use different type reflectors,
thus permitting the use of two reflectors 14 and 35 of
identical type. To measure different wavelength bands,
one only need provide parallel plane substrates 31 hav-
ing different levels of step and the other optical compo-
nents may remain the same.
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(Third Embodiment)

[0066] Fig. 4 is a schematic diagram of an appara-
tus for measuring wavelength changes according to the
third embodiment of the invention. The components
which are the same as those shown in Fig. 1 are identi-
fied by like numerals and are not described in detail.
[0067] In the apparatus 40 according to the third
embodiment of the invention, the optical means which,
when the second beam of collimated light moves back
and forth once, creates an optical pathlength difference
of A/4 in one half the optical beam plane comprises a
cube beam-splitter 43 having a step that provides an
optical pathlength difference of A/8 at the center of the
optical axis of the exit plane from which the second
beam of collimated light from the beam-splitter emerges
and which has an antireflection coat over the entire sur-
face, and a planar second reflector 45.

[0068] In the third embodiment, the optical path-
length difference of A/8 is expressed by (n - 1)d, where
n is the refractive index of the cube beam-splitter 43 and
d is the physical level (height) of the step.

[0069] The third embodiment also has the advan-
tage of eliminating the need to use different type reflec-
tors, thus permitting the use of two reflectors 14 and 45
of identical type.

{Fourth Embodiment)

[0070] Fig. 5 is a schematic diagram of an appara-
tus for measuring wavelength changes according to the
fourth embodiment of the invention. The components
which are the same as those shown in Fig. 1 are identi-
fied by like numerals and are not described in detail.
[0071] In the apparatus 50 according to the fourth
embodiment of the invention, the optical means which,
when the second beam of collimated light moves back
and forth once, creates an optical pathlength difference
of M4 in one half the optical beam plane comprises a
cube beam-splitter 53 having a step that provides an
optical pathlength difference of A/8 at the center of the
optical axis of the plane of the beam-splitter in which the
second beam of collimated light has been split, with a
reflective coat being applied to the stepped surface and
an antireflection coat to the other three surfaces.
[0072] In the fourth embodiment, the optical path-
length difference of A/8 is expressed by nd, where n is
the refractive index of the cube beam-splitter 53 and d is
the physical level (height) of the step.

[0073] Since the beam-splitter 53 also serves as
the second reflector in the fourth embodiment, only one
reflector need be used and both cost reduction and sim-
plified assembling step can be realized.

(Fifth Embodiment)

[0074] Fig. 6 is a schematic diagram of the first
reflector according to the fifth embodiment of the inven-
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tion.

[0075] In the apparatus for measuring wavelength
changes according to the fifth embodiment of the inven-
tion, the first reflector used in the first to fourth embodi-
ments is replaced by a first reflector 60 which comprises
a lens 61 as optical system for condensing collimated
light and an optical fiber 62 into which the focused light
is launched and which has a reflective coat applied to
the end face opposite the entrance face.

[0076] According to the fifth embodiment, the opti-
cal pathlength difference (L1 - L2) can be increased
fairly easily and FSR (free spectral region) is sufficiently
reduced to increase the sensitivity for wavelength
changes. For example, if the optical fiber 62 is 1 m long,
the FSR is shortened to about 0.8 pm.

[0077] If the counter 26 in the signal processing
section 20 is designed to perform quadrupling in count-
ing the signals from comparators 24 and 25, a wave-
length resolution as high as about 0.2 pm can be
achieved in the measurement of wavelength changes.

(Sixth Embodiment)

[0078] In the apparatus for measuring wavelength
changes according to the sixth embodiment of the
invention, the first reflector used in the firth to fourth
embodiments is replaced by a corner cube prism (not
shown).

[0079] According to the sixth embodiment, the first
reflector needs no angular adjustments and the assem-
bling step can be simplified.

(Seventh Embodiment)

[0080] Fig. 7 is a schematic diagram of a wave-
length tunable light source using an apparatus for
measuring wavelength changes according to the sev-
enth embodiment of the invention.

[0081] The light source unit 71 is a wavelength tun-
able light source that is capable of mode hop free wave-
length tuning in response to signals from a wavelength
control unit 72.

[0082] The wavelength control unit 72 is supplied
with signals from a software processing unit 73 and out-
puts wavelength control signals to the wavelength tuna-
ble light source unit 71 on the basis of the supplied input
signals.

[0083] The optical output from the wavelength tuna-
ble light source unit 71 is fed into beam-splitters 74 and
75 which split the input light into three components, the
first component which eventually exits as output light,
the second component to be fed into a reference wave-
length meter 76 and the third component to be fed into
an apparatus 77 for measuring wavelength changes.
[0084] The reference wavelength meter 76 which
typically uses an absorption line gas cell measures the
reference wavelength to output a reference wavelength
signal. During measurement of optical intensity with the
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reference wavelength meter 76 while changing the
wavelength of the light source unit 71, there occurs an
abrupt change (decrease) in optical intensity if a speci-
fied wavelength such as that of the absorption line gas
cell is reached. The reference wavelength meter 76 out-
puts the reference wavelength signal at the wavelength
where the abrupt change in optical intensity occurs.
[0085] The apparatus 77 measures the change in
the wavelength of the incident light produced by splitting
with the beam-splitter 75. To state more specifically, the
apparatus 77 resets the count data in the counter 26 in
response to the reference wavelength signal from the
meter 76 and the subsequent changes in wavelength
are counted and sent as count data to the software
processing unit 73.

[0086] On the basis of the signal from the reference
wavelength meter 76 and the count data from the appa-
ratus 77 which represents the amount of change in
wavelength, the software processing unit 73 calculates
the wavelength of the tunable light source unit 71 and
sends a control signal to the wavelength control unit 72.
[0087] According to the seventh embodiment, the
wavelength changes that actually occur in the wave-
length tunable light source 71 are measured to control
its wavelength and, therefore, unlike the method of
wavelength control using an encoder built in a wave-
length tuning motor, this embodiment enables precise
control of the wavelength of the light source.

[0088] As described above, if the changes in the
wavelength of a mode-hop-free wavelength tunable light
source are measured with the apparatus of the inven-
tion, a counter reads signals in high-speed period and
this enables real-time measurement of wavelength
changes in sharp contrast with the conventional tech-
nology using a mechanical moving part. As a further
advantage, if the optical pathlength difference (L1 - L2)
is increased, the period of FSR is sufficiently shortened
to increase the sensitivity for wavelength changes.
[0089] In addition, there is no mechanical part that
need be moved and, hence, deterioration is least likely
to occur over time and high reliability is assured.

[0090] If the apparatus of the invention is used to
control the wavelength of a wavelength tunable light
source, the wavelength changes that actually occur in
the wavelength tunable light source are measured (this
is not the case of wavelength control using an encoder
built in a wavelength tuning motor) and it becomes pos-
sible to perform precise control of the wavelength of the
light source.

[0091] As described on the foregoing pages, the
first aspect of the invention relates to an apparatus for
measuring wavelength changes using a Michelson
interferometer; when the second beam of collimated
light produced by splitting with the beam-splitter moves
back and forth once, the optical means creates an opti-
cal pathlength difference of A/4 in one half the optical
beam plane; the two beams of collimated light that have
been reflected from the first and second reflectors and
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which have been recombined by the beam-splitter are
again split with the reflective prism into two beams in the
plane of the optical axis where the optical pathlength dif-
ference of of A/4 has occurred; the two split beams are
received by the first and second photo-detectors; and
the change in optical intensity from the first and second
photo-detectors is counted and subjected to specified
processing by the signal processing means. This is how
the changes that actually occur to the wavelength of a
wavelength tunable light source are measured and,
hence, wavelength can be controlled with high preci-
sion.

[0092] In the signal processing means, a counter
reads signals in high-speed period and this enables
real-time measurement of wavelength changes. As a
further advantage, there is no mechanical part that
need be moved and, hence, deterioration is least likely
to occur over time and high reliability is assured.

[0093] In the apparatus of the second aspect of the
invention, a planar second reflector having a step of A/8
at the center of the optical axis where the collimated
light is incident is used as the optical means. Therefore,
in addition to the advantages of the first aspect of the
invention, there is provided one more advantage in that
no additional component need be provided as the opti-
cal means and this contributes to avoid the increase in
the number of components and complication of the
assembling step.

[0094] In the apparatus of the third aspect of the
invention, the optical means comprises a planar second
reflector that reflects the second beam of collimated
light obtained by splitting with the beam-splitter and a
parallel plane substrate that is inserted between the
beam-splitter and the second reflector and which has a
step that produces an optical pathlength difference of
/8 at the center of the optical axis where the collimated
light is incident. Therefore, in addition to the advantages
of the first aspect of the invention, there are provided
two other advantages, i.e., the need to use different
types of reflector is eliminated, thus permitting the use
of two reflectors of identical type, and to measure differ-
ent wavelength bands, one only need provide parallel
plane substrates having different levels of step and the
other optical components may remain the same.

[0095] In the apparatus of the fourth aspect of the
invention, the optical means comprises a cube beam-
splitter having a step that provides an optical pathlength
difference of A/8 at the center of the optical axis of the
exit plane from which the second beam of collimated
light from the beam-splitter emerges and a planar sec-
ond reflector. Therefore, in addition to the advantages of
the first aspect of the invention, there is provided one
more advantage, that is, the need to use different type
reflectors is eliminated, thus permitting the use of two
reflectors of identical type.

[0096] In the apparatus of the fifth aspect of the
invention, a cube beam-splitter having a step that pro-
vides an optical pathlength difference of A/8 at the
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center of the optical axis of the plane of the beam-split-
ter in which the second beam of collimated light has
been split, with a reflective coat being applied to the
stepped surface, is used as the optical means. There-
fore, in addition to the advantages of the first aspect of
the invention, there is provided one more advantage in
that since the beam-splitter also serves as the second
reflector, only one reflector need be used and both cost
reduction and simplified assembling step can be real-
ized.

[0097] In the apparatus of the sixth aspect of the
invention, the first reflector comprises a lens for con-
densing collimated light and an optical fiber into which
the focusd light is launched and which has a reflective
coat applied to the end face opposite the entrance face.
Therefore, in addition to the advantages of the first to
fifth aspects of the invention, there is provided one more
advantage in that the difference between the optical
pathlength of the first split beam and that of the second
split beam can be increased fairly easily and FSR (free
spectral region) is sufficiently reduced to increase the
sensitivity for wavelength changes.

[0098] In the apparatus of the seventh aspect of the
invention, a corner cube prism is used as the first reflec-
tor. Therefore, in addition to the advantages of the
invention recited in any one of the first to fifth aspects of
the invention, there is provided one more advantage in
that since the first reflector needs no angular adjust-
ments, the assembling step can be further simplified.
[0099] In the wavelength tunable light source of the
eighth aspect of the invention, the wavelength changes
that actually occur are measured with the apparatus
according to any one of the first to seventh aspects of
the invention and this enables precise control of the
wavelength of the light source.

Claims

1. An apparatus for measuring a change in wave-
length using Michelson interferometer optical sys-
tem, said optical system comprising:

an optical element with which incident light
from an input section is converted to collimated
light;

a beam-splitter into which the collimated light
from the optical element is launched to be split
into a first beam of collimated light and a sec-
ond beam of collimated light;

a first reflector and a second reflector for
reflecting the first and second beams of colli-
mated light from the beam-splitter;

an optical means which, when the second
beam of collimated light moves back and forth
once, creates an optical pathlength difference
of A/4 in one half the optical beam plane;

a reflective prism with which the two beams of
collimated light that have been reflected from
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the first and second reflectors and which have
been recombined by the beam-splitter are
again split into two beams in the plane of the
optical axis where the optical pathlength differ-
ence of A/4 has occurred;

a first and a second photo-detector for receiv-
ing the light that has been split into two beams
by the reflective prism; and

a signal processing means by which the
change in optical intensity from the first and
second photo-detectors is counted and sub-
jected to specified processing.

The apparatus according to claim 1, wherein said
optical means is a planar second reflector having a
step of A/8 at the center of the optical axis where
the collimated light is incident.

The apparatus according to claim 1, wherein said
optical means comprises:

a planar second reflector; and

a parallel plane substrate that is inserted
between the beam-splitter and the second
reflector and which has a step that produces an
optical pathlength difference of A/8 at the
center of the optical axis where the collimated
light is incident.

4. The apparatus according to claim 1, wherein said

optical means comprises:

a cube beam-splitter having a step that pro-
vides an optical pathlength difference of A/8 at
the center of the optical axis of the exit plane
from which the second beam of collimated light
from the beam-splitter emerges; and

a planar second reflector.

5. The apparatus according to claim 1, wherein said

optical means comprises:

a cube beam-splitter having a step that pro-
vides an optical pathlength difference of A/8 at
the center of the optical axis of the plane of the
beam-splitter in which the second beam of col-
limated light has been split, with a reflective
coat being applied to the stepped surface.

6. The apparatus according to claim 1, wherein said

first reflector comprises:

optical system for condensing collimated light;
and
an optical fiber into which the focusd light is
launched and which has a reflective coat
applied to the end face opposite the entrance
face.
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10

7. The apparatus according to claim 1, wherein said

first reflector is a corner cube prism.

A wavelength tunable light source having a wave-
length tuning mechanism, which has the wave-
length controlled on the basis of the wavelength
changes measured by the apparatus according to
claim 1.
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